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We show that a CP-violating interaction induced by a derivative coupling between the running
vacuum and a non-conserving baryon current may dynamically break CPT and trigger baryogenesis
through an effective chemical potential. By assuming a nonsingular class of running vacuum cos-
mologies which provides a complete cosmic history (from an early inflationary de Sitter stage to the
present day quasi-de Sitter acceleration), it is found that an acceptable baryon-asymmetry is gener-
ated for many different choices of the model parameters. It is interesting that the same ingredient
(running vacuum energy density) addresses several open cosmological questions/problems: avoids
the initial singularity, provides a smooth exit for primordial inflation, alleviates both the coinci-
dence and cosmological constant problems, and, finally, is also capable of explaining the generation
of matter-antimatter asymmetry in the very early Universe.
Introduction.– There is a growing body of work on
running vacuum cosmologies or an effective dynamical
Λ-term [1–5]. These models are motivated by the cosmo-
logical constant problem (CCP) – the absence of a satis-
factory mechanism whereby the vacuum energy density
from all fields can be canceled (or almost canceled) by
the fixed cosmological constant. In other words, we do
not know how the current, extremely small value of the
effective vacuum energy density can be predicted from
first principles.
Although successful, the current cosmic concordance
model (Λ0CDM + Inflation) can also be seen as a col-
lection of many different ingredients that are brought to-
gether to explain the complete cosmic evolution over all
time and length scales. Such disparate ingredients are
needed in order to smoothly connect the early and late
time accelerating regimes. Beyond the enigmatic CCP
[6, 7], there are also specific challenges for the cosmic
concordance model: the initial singularity, the ‘graceful’
exit problem for some popular models of inflation, cos-
mic coincidence [8] (see also [9–12] for these and other
potential problems).
The interest in running vacuum cosmologies can be jus-
tified both phenomenologically and from first principles
based on quantum field theory in curved spacetimes. The
geometric λ-term (proportional to the metric and usually
present on the l.h.s. of Einstein’s equations) can be incor-
porated on the r.h.s. of Einstein’s equations as part of the
effective energy momentum tensor (EMT) involving also
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additional vacuum contributions of the matter sector,
Tµν = ΛEM
2
Pl gµν , where MPl = (8πG)
−1/2 ∼ 2.4× 1018
GeV is the reduced Planck mass and ΛE is the effective
Λ-term. The question arises as to what is the total ex-
pression of ΛE? The vacuum state of all existing fields
can be represented by an EMT which reflects the Lorentz
invariance of its energy density and pressure. By averag-
ing over all fields the minimally coupled EMT in general
relativity reads 〈Tµν〉 = 〈ρ〉gµν . When the geometric λ-
term is transferred to the r.h.s. of Einstein’s equations
one may see that both contributions add yielding [6, 7]
ΛE = λ+
〈ρ〉
M2Pl
, (1)
with the field equations becoming Gµν = M−2Pl [T
µν
(f) +
ΛEM
2
Plg
µν ]. Since the Einstein tensor is divergenceless
(∇µGµν = 0), it is usually argued (even in textbooks)
that the vacuum energy density remains constant (i.e.
∇µΛE ≡ ∂µΛE = 0). However, this result holds only
if the cosmic fluid EMT is always separately conserved
(∇µT µν(f) = 0). In the general case one finds:
∇µGµν = 0 ⇒ ∇µ T µν(f) = −gµν∇µΛE , (2)
which implies that a running ΛE can transfer energy to
the cosmic fluid (T µν(f)). In particular, for spatially in-
homogeneous and time-dependent space-times even a lo-
cal dependence of the effective cosmological term, ΛE ≡
ΛE(x
µ), is possible because energy transfer at different
points of the spacetime may occur at different rates.
In cosmology, the assumption of a running vacuum en-
ergy density is also physically more appealing than the
standard view of a fixed ΛE-term. Since the physical
2quantities at the background level depend only on time,
the condition ∂0ΛE 6= 0 means that the extremely low
value currently observed (ΛE(t0) ≡ Λ0) can be theoreti-
cally accommodated. For an aged Universe, the present
smallness of ΛE(t) can be seen as a natural consequence
of its oldness.
This contemporary view has observational support.
Recent works on a class of running vacuum models have
shown that a battery of tests including SNIa, BAO,
H(z), LSS, BBN, CMB provide a quality fit that is sig-
nificantly better than the Λ0CDM [2, 3]. Several au-
thors, following different lines of inquiry, have investi-
gated how the running vacuum transfers energy to the
material components. Probably, the most successful path
comes from QFT techniques based on the renormaliza-
tion group (RG) approach in curved spacetimes. Broadly
speaking, one may think that the vacuum energy den-
sity ‘runs’ because the effective action inherits quan-
tum effects from the matter sector. Generically, the RG
techniques in curved spacetimes leads to a dependence
ρv(H, H˙) = M
2
PlΛE(H, H˙) where H is the Hubble pa-
rameter (see [3, 13] and references there in).
Given the possibility of a running vacuum cosmology,
it is also essential to investigate how the baryogenesis
problem, i.e. the observed matter-(anti)matter asymme-
try, can be handled in this context. This old problem
becomes more intriguing in light of the novel running
vacuum scenario where the space-time emerges from a
pure nonsingular de Sitter stage smoothly evolving into
radiation, matter and Λ0CDM , thereby avoiding the ini-
tial singularity and providing a complete description of
the expansion history [14, 15]. One may ask whether the
baryogenesis mystery can also be explained by the same
running vacuum driving the cosmic dynamics.
In this work we address this challenging problem by
proposing a new mechanism based on a derivative CP-
violating coupling between the running vacuum and the
baryon number current. As we shall see, the predicted
matter-(anti)matter asymmetry is in good agreement
with the observations for many different choices of the
relevant cosmic energy scales.
Running vacuum baryogenesis.– Currently, the baryon
asymmetry (B-asymmetry for short) is numerically char-
acterized by the dimensionless η-parameter:
5.7× 10−10 < η ≡ nB − nB¯
s
< 6.7× 10−10 , (3)
where nB, nB¯ are the number densities of baryons (anti)-
baryons, respectively, and s is the present radiation en-
tropy density. The lower and upper limits on the η-
parameter come from precision measurements of the pri-
mordial deuterium abundance and cosmic background ra-
diation (CMB) acoustic peaks [16, 17]. The exact nature
of the baryogenesis mechanism is not known yet. Some
models have been proposed to explain the B-asymmetry,
but there is no consensus in the literature concerning the
correct approach [18–22] (see also [23, 24] for reviews).
We now discuss a new mechanism appropriate for run-
ning ΛE(t)-models (to simplify notation, ΛE(t) ≡ Λ(t)).
The basic ingredient is a derivative coupling between the
running vacuum and the baryon current JµB:
S =
1
M2Λ
∫
d4x
√−g(∂µΛ)JµB , (4)
whereMΛ is an unknown cutoff mass scale of the effective
decaying vacuum theory whose natural upper bound is
the reduced Planck mass MPl. Like the effective Λ-term
from (1), the coupling (4) can viewed either as a parti-
cle physics motivated mechanism as in the spontaneous
baryogenesis model of [18] which has a coupling of the
form
S =
1
MSB
∫
d4x
√−g(∂µφ)JµB , (5)
(where MSB is the cutoff mass scale and φ is a scalar
field) or a space-time inspired mechanism, as in the grav-
itational baryogenesis model of [22] which has a coupling
of the form
SGB =
1
M2∗
∫
d4x
√−g(∂µR)JµB , (6)
(where M∗ is the cutoff mass scale and R is the Ricci
scalar). The proposed coupling in (4) is a mixture of
spontaneous baryogenesis and gravitational baryogene-
sis, keeping the good features of each without some of
the drawbacks that both the spontaneous baryogenesis
and gravitational baryogenesis mechanisms have. As in
the gravitational baryogenesis scenario, the multiplica-
tive cutoff mass scale, MΛ, in (4) has a mass dimen-
sion of [mass]−2 instead of [mass]−1 as in the Cohen-
Kaplan spontaneous baryogenesis model [18] or similar
scenarios [19–21]. The coupling given in (4) shares, with
the gravitational baryogenesis model, several advantages
with respect to the spontaneous baryogenesis model: (i)
the scalar field of spontaneous baryogenesis must be as-
sumed to evolve homogeneously in the spatial directions
in order to produce the baryon asymmetry while in the
present model and that of [22] the homogeneity is natu-
rally built into the model; (ii) in the spontaneous baryo-
genesis model the oscillations of the scalar field tend to
time average to zero which washes out the baryon asym-
metry.
The coupling in (4), though different, has advantages
to the gravitational baryogenesis model as given by the
coupling in (6). Taking into account the spatial ho-
mogeneity of the FRW metric one finds that in (6)
∂µR → R˙ = 0 at tree-level. Thus at tree-level the
gravitational baryogenesis mechanism does not produce
a baryon asymmetry. This is handled in [22] by argu-
ing that to the one-loop level in an SU(N) gauge theory
which some fixed number of flavors of quarks one finds
that R˙ 6= 0. However this assumes that nothing else
comes in to these one-loop corrections as one goes to
higher energy scales. In the model given by the coupling
in (4) one automatically gets baryogenesis as soon as one
3considers a non-constant Λ without the need to consider
higher order loop corrections as in [22].
By requiring a B-violation process in such thermal
quasi-equilibrium state it is easy to show that an accept-
able B-asymmetry can be easily generated. This hap-
pens because the above interaction also implies that CPT
is dynamically broken thereby driving the energetics to
cause the B-asymmetry. The process is actually very sim-
ilar to gravitational baryogenesis [22] which relies on the
derivative coupling between the Ricci curvature scalar R
and the B-current. However, the running vacuum pro-
cess proposed here has two new interesting features: (i)
the same ingredient driving the early accelerating phase
of the Universe (i.e. the running vacuum) may also con-
trol the baryogenesis process; (ii) the running vacuum is
always accompanied by particle production and entropy
generation [5, 26, 27]. This nonisentropic process is an
extra source of T-violation (beyond the freeze out of the
B-operator) which as first emphasized by Sakharov [25]
is a basic ingredient of baryogenesis.
As remarked before, all quantities, including the run-
ning Λ, are only time-dependent (or more accurately de-
pend on the standard FRW time parameter and time
foliation). Hence, in the effective Lagrangian (4), one
may replace ∂µΛ → ∂0Λ ≡ Λ˙ < 0, thereby giving rise
to an effective chemical potential. This inequality sign is
required by the second law of thermodynamics when the
vacuum decays into massless particles in the very early
Universe [26, 27]. For a species of particle i carrying a
baryon charge of qi we can define an effective chemical
potential as
µBi = −qi Λ˙
M2Λ
= ± Λ˙
M2Λ
, (7)
where in the last step was assumed that all baryons-
(anti)baryons are characterized by baryon numbers ±1,
respectively. The B-asymmetry produced by the above
chemical potential can be written as:
η =
nB
s
≈ − Λ˙
M2ΛT
∣∣∣
T=TD
, (8)
with the temperature evaluated at T = TD when the
B-violation mechanism decouples. To obtain the above
expression one needs the quasi-equilibrium relationship
for the entropy per unit volume when the vacuum decays
“adiabatically” [27], s = ρ+pT ∝ T 3. Replacing Λ˙ by R˙,
where R is the Ricci scalar, (8) becomes exactly the pre-
diction of the gravitational baryogenesis process [22, 28].
In (8) we have approximated the multiplicative factor,
15gb/4π
2g∗ ∼ O(1), where gb (g∗) counts the baryonic
(all) degrees of freedom.
The dependence of the η-parameter with the rate of the
running Λ, as given by (8), is a key result of this work. In
order to illustrate its consequences, we will estimate the
generation of the B-asymmetry for a class of nonsingular
running vacuum cosmology recently proposed [2, 14, 15].
Such running vacuum cosmologies describe a complete
cosmological history evolving from an early to a late time
de Sitter state. The vacuum energy density is character-
ized by a truncated power-series in the Hubble parame-
ter, H ≡ a˙/a, in which its dominant term behaves like
ρΛ(H) ≡ M2PlΛ(H) ∝ Hn+2, n > 0. Such models have
some interesting features, among them: (i) regardless the
value of n, the universe starts from a nonsingular de Sit-
ter phase (H = HI) and evolves smoothly to the radia-
tion phase, giving a successful model for a graceful exit,
(ii) the temperature and entropy of radiation is initially
zero (de Sitter vacuum), but the entropy growth due to
running Λ(H) generates all the present day observed en-
tropy, and the radiation temperature evolution law has
also been analytically determined [5, 29], (iii) the late-
time expansion history is a realistic competitor with the
rigid Λ0CDM model [2, 5].
The total energy conservation law in running vacuum
cosmologies, uαT
αβ
(f) ;β
= −uαTαβ(Λ);β, reads:
ρ˙+ 3H(ρ+ p) = −M2PlΛ˙ , (9)
where ρ and p are the energy density and pressure of
the fluid component. It shows that in the expanding
Universe, the variation of Λ is only possible with parti-
cle and energy transfer from the running vacuum to the
fluid component (see [27] for a general treatment). One
can see immediately that the above equation can also be
directly obtained by combining the cosmological equa-
tions with variable Λ [30, 31]. For simplicity, we consider
here a subclass in which the late time observed flat Uni-
verse is exactly the concordance Λ0CDM model while at
early times one can have a varying cosmological constant.
This kind of model is captured by the phenomenological
expression
Λ(H) = Λ0 + 3νH
2 + 3H2
(
H
HI
)n
. (10)
where the power index n > 0, ν is some parameter, HI is
an arbitrary inflationary scale and the factors of 3 are
introduced for mathematical convenience. Such mod-
els where proposed in [5, 14, 15, 32] and were initially
purely phenomenologically motivated to give a early in-
flationary phase (i.e. the last term ∝ H2
(
H
HI
)n
), a late
time constant Λ0 term, and an intermediate term ∝ νH2.
Later models havig a varying Λ of the form given in (10)
were more rigorously motivated by applying the renor-
malization group approach from quantum field theory in
curved spacetimes [13]. Note that for H << HI the
model behaves like the Λ0CDM cosmology. From obser-
vations over the redshift interval 0 ≤ z ≤ 1100 [2, 3] one
finds that the parameter from the quadratic term, 3νH2,
is ν ∼ O(10−3). Thus at the early times considered here,
and where baryogenesis occurs, this term is negligible
4and we will set ν = 0 in the rest of the paper 1.
Taking the two Friedmann equations (i.e. the 00 com-
ponent equation 3H2 = 8πGρ+Λ(H) and the ii compo-
nent equation −2H˙ − 3H2 = 8πGp − Λ(H)), combining
this with Λ(H) from (10) and taking the limit that one
is at early times so that Λ0 can be neglected and so that
ω = pρ =
1
3 one obtains the evolution equation for the
Hubble parameter of the form [32]:
H˙ + 2H2
(
1− H
n
HnI
)
= 0 , (11)
showing that for H˙ = 0 one hasH = HI which represents
the primordial de Sitter stage. This phase is unstable,
and the general analytical solution reads:
H(a) =
HI
[1 + (a/aeq)2n]
1/n
, (12)
where aeq is the vacuum-radiation equilibrium value of
the scale factor, that is, when ρΛ = ρrad, a moment
coincident with the end of inflation (a¨ = 0, H(aeq) ≡
Hend = HI/2
1/n). For a << aeq we find H = HI (de
Sitter) while for a >> aeq the solution reduces to the
standard radiation phase, a(t) ∝ t1/2. Therefore, the so-
lution (12) describes a smooth transition from a primeval
non-singular Sitter stage to the standard FRW phase re-
gardless of the power index n. This result points to some
universality of the process and also suggests a natural
“graceful” exit from the early unstable de Sitter stage
to the standard radiation epoch when the particle pro-
duction ends [5, 31, 32]. Under certain conditions, the
running vacuum may decay into massless particles pre-
serving some equilibrium relations. This happens when
the vacuum decays adiabatically. Physically, this means
that radiation entropy is generated, effectively massless
particles-(anti)particles are created, but the specific en-
tropy per particle remains constant. In this case, it
has also been shown that ρrad ∝ T 4rad and nrad ∝ T 3
[27]. Further, by combining (10) and the first Fried-
mann equation, ρrad +M
2
PΛ(H) = 3M
2
PH
2, and taking
( 90pi2g∗ )
1/4 ∼ 10−1/4, we obtain the radiation temperature
law as a function of H :
Trad(H) = 2
n+2
4n Tend
(
H
HI
)1/2 [
1−
(
H
HI
)n] 14
, (13)
where Tend = T (Hend) = 10
−1
4
√
MPlHI is the tempera-
ture at the end of inflation. Note also that Trad = 0 for
1 The main effect of ν in the solution (12) for H(a) is to change
the energy scale HI by an effective scale, H˜I = (1 − ν)
1/n
HI ,
and the power n is replaced by n˜ = n(1 − ν) (see Eq. (3.6) in
Ref. [5] and subsequent discussion). For the current accepted ν
values such corrections are small at the baryogenesis epoch and
have been neglected in the present analysis. Naturally, this does
not means that such a quadratic ν-term is negligible at late times
(radiation and vacuum-matter stages).
H = HI . Hence, there is no thermal bath in the begin of
the cosmological evolution.
Baryogenesis constraints.– In order to obtain the
strength of the B-asymmetry we need to calculate Λ˙ and
the temperature T = TD when the B-violation mecha-
nism decouples (see Eq. (8)). Using (10) and (11) we
obtain Λ˙:
Λ˙ = −6(n+ 2)H3
(
H
HI
)n [
1− H
n
HnI
]
. (14)
To calculate the decoupling temperature TD we need to
specify the B-violating operator to determine when the
B-violating process decouples. To simplify the discussion
we take a generic GUT, B-violating operator having mass
dimension 6 e.g. L∆B = 1M2
X
ǫαβγǫab(u¯cγγ
µqβa)(d¯
c
αγµlb)
where u, d, q, l stand for up-quark, down-quark, quark
and lepton respectively. The rate of this generic dimen-
sion 6 interaction is Γ∆B ∼ T 5M4
X
with MX being the mass
scale connected with L∆B. The decoupling temperature
is fixed by requiring
T 5
D
M4
X
∼ Γ∆B ≤ H ≈ T
2
D
MPl
(the expres-
sion for H comes from (13) assuming H < HI so that the
last term is of order 1; also we have taken 2−(n+2)/2n
√
10
of order 1). Using this we find the decoupling tempera-
ture and decoupling H as
TD ∼ M
4/3
X
M
1/3
Pl
and HD ∼ M
8/3
X
M
5/3
Pl
. (15)
Using HD and TD and Eqs. (14) and (8) we find
η ≈ 6(n+ 2)
(
M2Pl
M2Λ
)(
HI
MPl
)(5n+20)/3(
1− H
5n/3
I
M
5n/3
Pl
)
.
(16)
For simplicity we have assumed that the inflation scale
and B-violating operator mass scale are of the same order
– HI ∼ MX . This is in accord with some simple mod-
els of inflation where the inflation scale and GUT scale
coincide.
The general predictions for η depend on the values as-
signed to n, MPl/MΛ, and HI/MPl. These parameters
should be chosen to give the observed η and be in agree-
ment with the inflationary scale. In Table I, we display
the running vacuum predictions of the B-asymmetry for
a broad set of selected values of the three free parame-
ters. Note as the index n increase MPl/MΛ increases if
we keep HI/MPl in a range that gives HI ∼ 1015 − 1016
GeV i.e.the GUT scale which is then consistent with our
simplifying assumption of HI ∼ MX . The main conclu-
sion from Table I is that one can obtain values of η in
running vacuum models of the kind discussed here for a
range of the relevant sub-Planckian parameters. Thus,
this framework provides a successful baryogenesis mech-
anism driven by a running vacuum model as described
here. Finally we note that in all cases HI < MPl thereby
showing that trans-Planckian problems are absent.
5n > 0 MPl/MΛ ≥ 1 HI/MPl ≤ 1 η
0.1 3.0× 105 8.2× 10−4 6.4 × 10−10
1.0 3.4× 105 2.6× 10−3 6.0 × 10−10
2.0 8.2 × 104 9.0× 10−3 5.6 × 10−10
3.0 2.6 × 106 9.6× 10−3 5.8 × 10−10
4.0 5.4 × 108 7.6× 10−3 5.8 × 10−10
5.0 7.1 × 109 9.1× 10−3 6.1 × 10−10
6.0 8.9× 1011 8.2× 10−3 6.5 × 10−10
TABLE I: Baryogenesis prediction in a class of running vac-
uum cosmologies. Note that the above values, which are in
good agreement with the current constraints on η – see equa-
tion (3) – and the inflationary scale [33], are obtained for a
range of the model parameters.
Final remarks.– We have investigated the early gener-
ation of B-asymmetry driven by a nonsingular running
vacuum cosmology. It should be stressed that the B-
violation as discussed here does not require new ingredi-
ents. This happens because the running vacuum is the
same quantity driving the evolution of the space-time (see
Eqs. (4), (8), (10) and (11)). Interestingly, the adopted
running vacuum model is also endowed with some re-
markable properties like the avoidance of the initial sin-
gularity and a smooth exit from inflation to the stan-
dard radiation phase thereby producing all the observed
entropy. It also alleviates the cosmic coincidence and Λ
problems, and, last but not least, we have found the its
decay products, through the derivative coupling with the
Λ(t) term given in (4), is also capable of generating the
observed baryon asymmetry.
It is worth noticing that the new mechanism proposed
here is different from spontaneous baryogenesis as dis-
cussed by several authors [18–21], as well as from grav-
itationally induced B-asymmetry powered by the Ricci
scalar [22, 28, 34], a Gauss-Bonnet term [35] or other
higher order curvature invariants. Probably, the closest
approach is the gravitational baryogenesis driven by the
Ricci scalar in the presence of a running vacuum [34].
However, even in this case there are significant differ-
ences. For example, the Ricci scalar is R = −M−2Pl T−4Λ,
where T ≡ ρ − 3p is the trace of the matter energy-
momentum tensor. For relativistic massless particles (ra-
diation phase, T ≡ 0), one finds R˙ = −4Λ˙. Accordingly,
gravitational baryogenesis will predict a value of η four
times larger than in the present approach. This occurs
because the effective chemical potential (and η) in grav-
itational baryogenesis are proportional to R˙ [22] while
for the direct running vacuum coupling these quantities
are proportional to Λ˙ (see Eqs. (7)-(8)). In addition, for
T 6= 0, or equivalently, if the EoS parameter is slightly
different from ω = 1/3, as discussed in Ref.[22], then
gravitational baryogenesis will have two distinct positive
contributions associated with the pair of physical quan-
tities (T˙ , Λ˙). This means that the result ηGB = 4ηΛ is a
lower bound.
As can be seen from Table I, the cut-off mass scale
scale of the effective theory (MΛ) does not need to be
tuned to Planck mass in order to generate the observed
value nBs ∼ 10−10.
Finally, we stress that running vacuum models are able
to address a broader class of cosmological observations
(including baryogenesis) within a single mechanism [5,
32]. In the case of the cosmological constant problem, for
instance, one may compare the vacuum energy densities
in the early de Sitter regime and the present day value.
By taking the constraints of HI from Table I, we see that
such a ratio satisfies the inequality ρvI/ρv0 ≃ ΛI/Λ0 ≥
10108.
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